A model of through-flow drying was developed in order to simulate the drying properties of beds packed with tobacco cut-filler placed in a flow of air or wet air mixed with superheated steam. This model was simplified as follows: (1) the fluid in the bed is regulated as plug flow; (2) a piece of the cut-filler is taken to have a plane-sheet shape; (3) the internal movement of water in the cut-filler is regarded as a rate-limiting step; and (4) the transfers of mass and heat are specified by a set of one-dimensional equations of convection and diffusion. In a wide range of 373 to 523 K, the calculated curves of moisture content and temperature of the tobacco were in agreement with experimental values. It was concluded that the model is valid and applicable to the estimation of drying properties of tobacco materials.
Introduction
Drying is one of the unit operations indispensable in the manufacture of cigarettes and influences their quality through such factors as their smell, taste and firmness. Various research and advancements regarding the drying of tobacco materials have been developed to date. The research, however, seems to have described only some qualitative results dependent on the operating conditions. The authors believe that in addition to such qualitative factors, the following could be essential for the further improvement of cigarette quality, optimal setting of the operating conditions, and optimal designing of the dryers: (1) a quantitative analysis and an understanding of drying properties of tobacco materials based on definite theories; and (2) the rational elucidation of the relationship between the drying properties and changes in tobacco constituents involved in its taste and smell, resulting from chemical reactions generated during the drying.
In an analysis of drying, a set of governing equations is typically determined by modeling the mechanism of the transfers of water and heat in dried materials with each unique transfer coefficient that has been properly measured. Rigorous models have been already established and drying properties have been analyzed for various beds packed with inorganic materials, including nonhydrophilic particles, porous hydrophilic particles and cohesive powders (Toei et al., 1966 , Shishido et al., 1978 , Tatemoto et al., 2003 . Analogous procedures have been also applied to foods and plants (Shishido et al., 1987, Peters and Bruch, 2003) , but it appears to be more difficult to quantitatively specify the drying properties for such organic materials. This is considered to be the result of the difficulty of modeling the drying phenomena and of measuring physical properties such as the transfers of mass and heat because the structures of the organic materials tend to change physically and chemically during drying.
With regard to tobacco materials, Kuroiwa et al. (2003 and 2008) determined in detail the dependency of moisture content and temperature on the diffusivity of water and heat in cured tobacco, which permits a qualitative analysis for the drying. They simulated the distributions of moisture content and temperature of tobacco fed into in a pneumatic conveying dryer, using computational fluid dynamics and the coefficients of the diffusivity they had measured. Another drying model has also been proposed for tobacco midrib expanding in a flow of air and superheated steam (Sakamoto et al., 2010) .
As a first step in the development and the optimization mentioned above, this study was intended to develop a quantitative model for the drying of beds packed with shredded tobacco materials in a through-flow dryer with air or wet air Mass transfer The movement of water in the direction of the thickness of the filler placed at position x in the range of 0 to x o is described by Eq. (1). The variable l is used to represent inside dimension of the filler although the direction is same as the x-axis. The effective diffusion coefficients of water in the filler D t are expressed by the Arrhenius equation parameterizing frequency factor D o and net activation energy E a determined by the diffusion model (Kuroiwa and Nakanishi, 2003) . The surface of the filler is always in adsorption equilibria with the gas, as described in the assumptions, and its moisture content is obtained from the Eq. (4), the Dubinin-Astakhov (DA) equation, which describes the isotherms of water in the filler at the temperature of the surface (Kameoka, 1995) . In the case of fluids over 373.15 K the value of p° is defined as 101.325 kPa, because our experiments were carried out under atmospheric pressure as shown in Fig. 2 :
The conservation law of water vapor for the flow that passes through the bed with void fraction ϕ is specified in Eq. (5). The second term on both sides of the equation represents the convection term due to the field of the gas flow and the source term showing the rate of vaporization of water from the filler, respectively. Equation (8), which includes parameters for the dependency on the void fraction and the temperature, is employed to estimate the interdiffusion coefficient D g between air and water vapor in the bed because the equation is often used for calculation of flow-fields in cigarette rods packed with tobacco filler during smoking, in which the humidity of the fluid is sufficiently high to generate aerosols consisting of water and its temperature ranges to 1000 K (Eitzinger and Pirker, 2005) :
Thermal transfer The conservation of thermal energy at an arbitrary point l in the filler is specified by Eq. (9), in which the experimental equation (13) determined by Kuroiwa et al. (2008) , is adopted to obtain the thermal conductivity of the filler λ t . The first to third terms on the right side of mixed with superheated steam, the mechanism of which resembles the band-type dryers used in the manufacture of cigarettes, and also to check the validity of the model by comparing calculated numerical solutions with the corresponding experimental values. Hereinafter, wet air with superheated steam is expressed as superheated steam.
Theoretical
Scheme of a bed packed with tobacco cut-filler is shown in Fig. 1 . A piece of the filler with a thickness l o is placed in each control volume arranged on the x-axis that originates at the top face of the bed. A flow of air or superheated steam regulated as plug flow passes downward through the bed of a height x o while repeating the transfers of mass and heat between the cut-filler and the fluid. Our model consists of a set of simultaneous differential equations for convection and diffusion based on the laws of conservation of mass and thermal energy in order to specify this drying process quantitatively. The model simulates the distribution of the water concentration and the temperature along the thickness of the filler, which is located at position x given on the x-axis, and along the x-axis for the fluid, respectively. The following assumptions are introduced to our model in order to simplify the phenomena and the calculations of drying: 1. The bed is homogeneously packed with tobacco cut-filler having a plane-sheet shape. 2. There is no shrinkage of the filler in drying. 3. The mass and heat fluxes transfer only through the surfaces of the filler, the interface between the filler and the fluid. 4. The adsorption equilibrium of water is always achieved at the surfaces of the filler, so that the internal movement of water in the filler is regarded as a rate-limiting step. 5. The transfers of mass and heat are negligible among the filler in the bed. 6. The effect of the metallic mesh placed at the bottom of the bed is not taken into account. mass ratio of air to water vapor. The value of λ g is obtained from the following equation, λ g = y 1 λ 1 / (y 1 + y 2 A 12 ) + y 2 λ 2 / (y 2 + y 1 A 21 ), which can be applied to a binary mixture gas under low pressure (Lindsay and Bromley, 1950) . Moreover, the value of ΔH is calculated using ΔZ, the difference of compression factors between water and its vapor derived by Haggenmacher (1946) , and the Antoine equation as follows:
In some treatments with superheated steam, water vapor in the gas phase would condense instantaneously on the surfaces of the filler as soon as it is placed into the stream. In these cases, we assume that the surface temperature of the filler rises instantly to the dew point of the gas and that the maximum moisture content of the surface during the condensation is coincident with the maximum value w max given by the DA equation.
Materials and Methods
Materials Two types of tobacco, Flue-cured and Burley tobacco, were shredded into the cut-filler with a width of 1.5 mm and pieces from 1 to 5 mm in screen size were sorted by sieving. The shapes of the 2000-piece filler chosen by means of random sampling were measured with a digital microscope (VHX; Keyence, Osaka, Japan). The mean value of the long and short sides of these pieces of filler measured by the microscope was defined as a characteristic length for each type of the tobacco. The thickness of the filler was also measured with a vernier caliper.
Dryer A schematic illustration of the through-flow dryer is shown in Fig. 2 . Airflow, propelled by blower 1, passes through heater 2 into conditioning chamber 3. The humidity of the airflow can be adjusted by adding water via spray nozzle 4 placed in the chamber or by injecting superheated steam into the tube located between the blower and the heater, while exhausting a portion of the gas. The flow, having exited the conditioning chamber, goes into the sample vessel 9 via a zirconia humidity analyzer 5 (ZR22G; Yokogawa, Tokyo, Japan), valve 6 and straightening vane 8 set up in drying tube 7. The inside diameter of the vessel is 78 mm, and the bottom is covered with a metallic mesh (screen size, 0.98 mm; opening ratio, 59.5%). The temperature of the gas is controlled through thermocouple 10 located in the upper portion of the vessel and its flow velocity is measured with thermal anemometer 11 (Anemomaster 6161; Kanomax, Osaka, Japan) for air and orifice flowmeter 12 (FOR125-QHC-2727-20K-Z; Yokogawa) for superheated steam. Flow rate was adjusted to a prescribed value with the inverter-controlled blower 1. The flow, having passed through the tobacco bed in a downward direction, circulates to the blower again.
Drying operations The initial moisture content of tobac-Eq. (12) are boundary conditions representing thermal fluxes generated from the convection of the gas flow, the vaporization or condensation of water, and radiation from the wall of the dryer, respectively. The mean coefficient of heat transfer h in the first term is estimated from Eq. (14), which can be applied to the condition of turbulent flow on a plane sheet (Kreith et al., 2010) . The radiation flux is derived from the assumption that the temperature of the wall is equal to that of the gas:
The balance of thermal energy in the gas is described by Eq. (15) . The second and third terms on the right side represent the rates of thermal loss due to the heat transfer by convection and the latent heat of water lost from the filler, respectively:
where the C p,g is estimated as the mean value weighted by the tobacco or activation energy, but also its moisture content in a range of 0.005 to 0.3 kg of water/kg of dry material (hereafter abbreviated to kg-H 2 O/kg-DM). If this dependence of moisture content is incorporated into our drying model, the calculated rate of drying tends to be slower than the corresponding experimental values. This was considered to be attributable to the existence of other pathways of water movement in the temperature range greater than 373 K in which water in a liquid state flows through the capillaries of tobacco and vaporizes rapidly from the inside of tobacco, which it would not be possible to estimate using the diffusion method that Kuroiwa and Nakanishi (2003) developed for processes at less than 373 K. The parameters D o and E a corresponding to the maximum coefficient were therefore applied to our calculations for the sake of convenience, neglecting the dependence of the moisture content. Changes in moisture content and temperature of the Fluecured tobacco cut-filler treated in airflow with a humidity of 10 g-H 2 O/kg-DA and a flow rate of 3.5 m/s, are shown in Fig. 3 . Each of the calculated curves represents the mean values of the whole filler in the bed, which can be obtained from each distribution of the moisture content and temperature on the l and x-axes. Calculated curves are mostly in agreement with each experimental value in the temperature range of 373 to 473 K. While not illustrated in the figures, these calculations also gave another result that the moisture content and temperature in the direction of the x-axis are distributed almost evenly because water vapor never condenses on the filler in such airflow with low humidity. Figure 4 illustrates the calculated curves of the mean moisture content and temperature with each experimental value for Burley tobacco treated with superheated steam in a range of 423 to 523 K, of which the humidity and velocity were adjusted to 2.5 kg-H 2 O/kg-DA and 3 m/s, respectively. co cut-filler was adjusted by letting the water be adsorbed at a relative humidity of 85% (hereafter abbreviated to % R.H.) at 295 K. The sample vessel packed with the filler of 15 g by dry weight was inserted into the drying tube in which the gas had been adjusted beforehand to each prescribed temperature and humidity and it flowed at a set velocity between 1 to 5 m/s. The air flow with a humidity of 5 or 10 g of water/kg of dry air (hereafter abbreviated to g-H 2 O/kg-DA) was heated to a temperature range of 373 to 473 K, while the temperature of the superheated steam with a mixing ratio or humidity of 2.5 kg-H 2 O/kg-DA was set in a range of 423 to 523 K to avoid condensation of the steam that was injected into the drying tube. After the elapse of a prescribed period, all of the filler was taken out of the vessel and then its moisture content was measured by hot-air drying at 373 K for 3600 s. The temperature of the packed filler during drying was also measured with another thermocouple of 0.5 mm in diameter set at the central portion of the bed and was recorded on a digital data logger (NR-1000; Keyence).
Calculation Each partial differential equation of Eqs. 1, 5, 9, 12 and 15 was discretized and an implicit method, the Gauss-Seidel method (Patankar, 1980) , was then used to determine numerical solutions to the simultaneous equations with a time step of 0.01 s, using the number of calculation mesh of 50 and 100 for the x and l axes, respectively. In these iterative calculations relative errors, e = |x n+1 -x n | / x n+1 < 10 -4 where the value of x n is a root after nth iteration, were employed as criteria for judging the convergence for all elements on the basis of the accuracy of the instrumentation devices used and the experimental errors expected. For calculations accompanied by the condensation of water vapor, the dew point of the fluid was firstly employed as the surface temperature of the filler. And then the temperature and water concentration of the filler and fluid were converged in accordance with the governing equations described, while keeping the surface moisture content of the filler at w max if the value exceeded w max . This procedure was continued until the surface temperature increases beyond the dew point.
Results and Discussion
The dimensions of the tobacco cut-filler and the beds, their heat capacity, and each parameter in the DA and the Arrhenius equations adapted to our numerical calculations are tabulated in the Table 1 . As the height of the tobacco bed shortened slightly due to the down-flow of the gas and the drying shrinkage of the filler, the mean value before and after drying was employed as the bed height. The effective diffusion coefficients of water in tobacco, determined with the use of the diffusion model in the range of 313 to 343 K (Kuroiwa and Nakanishi, 2003) , depend on not only the temperature of water content and temperature along the direction of the bed height as shown in Fig. 5 , which represents the distribution curves at 473 K depicted in Fig. 4 . The shift in the maximum peak from the top of the bed to the bottom makes the distributions of moisture content broaden direction when compared to those treated with the airflow. This unevenness in moisture content also results in the broad distribution of temperature. Our calculation in the case of the superheated steam heated at 473 K predicted that the largest gap between the top and the bottom would attain 0.061 kg-H 2 O/kg-DM and 29.3 K, respectively. The measured temperature is kept at a dew point of 367 K during vapor condensation, which suggests the presence of the constant-rate period of drying caused by the vaporization of condensate water on the surfaces of the tobacco. On the other hand, the calculated temperature surges to the dew point just after drying started in accordance with the regulation of our drying model and then
As soon as the tobacco cut-filler came into contact with the fluid containing steam, a ratio of 80% to the whole gas by volume, water condensed on the surface of the cut-filler and, simultaneously, it received the latent heat of the condensing water. The calculated mean moisture content of the tobacco reached a maximum value due to the condensation and then it decreased to each equilibrium value, while the corresponding experimental maxima aren't depicted in the figure. As a result of lots of experiments we confirmed that the moisture content of the filler, taken out of the dryer instantaneously after having been installed, becomes greater than that of its initial value in some cases but then couldn't determine the precise values, because the surface water with the same temperature as the dew point would vaporize easily while taking out the filler in our method, which led to a large margin of the experimental errors. Our model also allows us to simulate the distribution of increased gradually during the period of condensation. This difference in the condensation period is considered to result from the simplification of our model as follows: 1, it is dependent only on the laws of conservation, but has not taken into account any other drying mechanism; 2, the imbalance of mass and heat would take place in some time steps due to the regulation of the maximum value as w max ; and 3, the applicability limit of Eq. (4) is neglected in such a high range of temperature, in which the corresponding w max is likely to be lower than the values shown in the table. These factors may lead to the overestimation of increases in mean moisture content calculated during condensation, as shown in Figs. 4 and 5. Despite such simplification of the model, the outlines of these calculated curves also agree rather well with each experimental value on drying with superheated steam.
Conclusion
Drying properties, changes in moisture content and temperature of tobacco cut-filler packed in the bed installed into the through-flow dryer, were simulated by our simplified model consisting of simultaneous equations of one-dimensional convection and diffusion based on the laws of mass and thermal energy. As the results obtained in numerical calculations were in close agreement with the experimental values under the experimental conditions applied, we concluded that the model is valid for the drying process using either air or superheated steam in a range of 373 to 523 K, which covers the actual operating conditions of band-type dryers used in the manufacture of cigarettes. This model is therefore applicable to the elucidation of the drying properties of tobacco, the improvement of cigarette quality and the optimal design of the dryer. 
